Cranial irradiation is a standard therapy for primary and metastatic brain tumors. A major drawback of radiotherapy (RT), however, is long-term cognitive loss that affects quality of life. Radiation-induced oxidative stress in normal brain tissue is thought to contribute to cognitive decline. We evaluated the effectiveness of a novel mimic of superoxide dismutase enzyme (SOD), MnTnBuOE-2-PyP 5þ (Mn(III) meso-tetrakis(Nn-butoxyethylpyridinium-2-yl)porphyrin), to provide longterm neuroprotection following 8 Gy of whole brain irradiation. Long-term RT damage can only be assessed by brain imaging and neurocognitive studies. C57BL/6J mice were treated with MnTnBuOE-2-PyP 5þ before and after RT and evaluated three months later. At this time point, drug concentration in the brain was 25 nmol/L. Mice treated with MnTnBuOE-2-PyP 5þ / RT exhibited MRI evidence for myelin preservation in the corpus callosum compared with saline/RT treatment. Corpus callosum histology demonstrated a significant loss of axons in the saline/RT group that was rescued in the MnTnBuOE-2-PyP 5þ /RT group. In addition, the saline/RT groups exhibited deficits in motor proficiency as assessed by the rotorod test and running wheel tests. These deficits were ameliorated in groups treated with MnTnBuOE-2-PyP 5þ /RT. Our data demonstrate that MnTnBuOE-2-PyP 5þ is neuroprotective for oxidative stress damage caused by radiation exposure. In addition, glioblastoma cells were not protected by MnTnBuOE-2-PyP 5þ combination with radiation in vitro. Likewise, the combination of MnTnBuOE-2-PyP 5þ with radiation inhibited tumor growth more than RT alone in flank tumors. In summary, MnTnBuOE-2-PyP 5þ has dual activity as a neuroprotector and a tumor radiosensitizer. Thus, it is an attractive candidate for adjuvant therapy with RT in future studies with patients with brain cancer.
Introduction
Radiation therapy (RT) is part of the standard of care for the treatment of brain tumors. However, RT can injure normal tissue, in part, through the generation of oxidative stress (1) . Oxidative stress contributes to the deterioration of healthy brain tissue manifested by progressive loss of neurocognitive function. This affects function in adults, but it is especially troubling in children (2) (3) (4) . Minimizing these RT effects on normal tissue would both greatly preserve brain function and improve the quality of life in these patients. The efficacy of RT is often limited by the extent of damage of normal tissue. Therefore, selectively reducing the oxidative damage of healthy brain tissue may allow the use of higher radiation doses to treat tumors.
Redox-active drugs have been successfully used in vitro and in vivo models of oxidative stress-related diseases (5) . Flavonoid and organosulfur compounds have recently been shown to reduce RT-induced reactive oxygen species (ROS) and rescue the neurocognitive/neuromotor performance of cranially irradiated mice (6, 7) . Our porphyrin-based series of SOD mimics catalytically react with a range of reactive species (e.g., superoxide, peroxynitrite, and carbonate radical) to restore the physiologic cellular redox environment (8, 9) . These porphyrin compounds also protect normal tissues by attenuating the signaling of master transcription factors NF-kB and HIF1a, which govern inflammatory and hypoxia responses, respectively (8, 10, 11) . Three lead compounds have been developed: Mn(III)meso-tetrakis (N-ethylpyridinium-2-yl)porphyrin (MnTE-2-PyP 5þ ), Mn(III) meso-tetrakis(N-n-hexylpyridinium-2-yl)porphyrin (MnTnHex-2-PyP 5þ yl)porphyrin (MnTnBuOE-2-PyP 5þ ; Fig. 1A ). MnTE-2-PyP 5þ was the first compound developed. Because of its hydrophilicity, a 5,000-fold more lipophilic analogue was developed with lengthened hexyl alkylpyridyl chains, MnTnHex-2-PyP 5þ . Its higher mitochondrial distribution and transfer across the blood-brain barrier (BBB) have been demonstrated (12, 13) . Insertion of oxygen atoms into its hydrophobic chains resulted in the synthesis of MnTnBuOE-2-PyP 5þ , which showed less toxicity than MnTnHex-2-PyP 5þ while maintaining high lipophilicity and redox-related performance (14) . Both MnTE-2-PyP 5þ and MnTnHex-2-PyP 5þ have protected normal rat lung from RT-induced oxidative stress (15, 16) . In addition, Mn(III)tetrakis(N-methyl-2-pyridyl)porphyrin (MnTM-2-PyP 5þ ) protected mice from death following wholebody irradiation (17) . The radioprotective effects of MnTnBuOE-2-PyP 5þ on normal tissue have yet to be characterized. Although general antioxidant therapies may protect normal tissues, a debate exists on their effectiveness toward tumor cells or attenuation of anticancer therapy efficacy (5) . Tumor cells generally have increased superoxide and hydrogen peroxide production that promotes proliferation (18, 19) . Our porphyrin compounds have been used both as anticancer agents in their own right and in combination with radiation and chemotherapy (20, 21) . MnTnHex-2-PyP 5þ treatment alone increased the survival of mice with intracranial tumors (pediatric medulloblastoma and glioblastoma multiforme; ref. 22) and decreased the tumor growth rate in a breast cancer model (11) . In addition, MnTE-2-PyP 5þ significantly enhanced radiation effects on breast and prostate tumor growth delay in mice (8, 21, 23) . Because our porphyrin compounds have not shown protective effects toward tumor cells or tissues, they may serve a dual role with RT by negatively affecting tumors while simultaneously protecting normal tissues.
Herein, we demonstrate the radioprotective effects of MnTnBuOE-2-PyP 5þ on normal brain tissue. In addition, we evaluated the tumor cell response to RT with or without MnTnBuOE-2-PyP 5þ in vitro and in vivo. We demonstrate that MnTnBuOE-2-PyP 5þ increases the antitumor effectiveness of RT in a glioblastoma xenograft model.
Materials and Methods

Mn porphyrin
MnTnBuOE-2-PyP 5þ (Fig. 1A ) prepared by GMP scale-up was used for this study (14) .
Irradiation of neurocognition study group
One hundred C57Bl/6J mice were divided equally into four treatment and control groups (Fig. 1B) . MnTnBuOE-2-PyP 5þ was prepared in sterile 0.9% saline and injected subcutaneously into mice randomly along the back. Animals were irradiated with 8 Gy delivered with parallel opposed beams using the X-RAD 225Cx irradiator (Precision X-Ray) with 225 kVp/13 mA settings. A 10 Â 40 mm collimator was used to direct the beam only to the cranium, and placement of animals was confirmed by fluoroscopy. Control mice were anesthetized for similar durations as RT-treated mice. Animals were provided free access to food and water. During behavioral assessments, mice were maintained on a 14-hour light/10-hour dark cycle. All behavioral tests were conducted between 1,000 to 1,600 hours. All animal studies were performed in accordance with protocols approved by the Duke University Institutional Animal Care and Use Committee.
Neurocognitive and activity testing Mice were behaviorally assessed for motor performance on the rotorod and for spontaneous activity in running wheels. Cognitive performance was evaluated in the Morris water maze, novel object recognition, and fear conditioning tests. One cohort of mice (10 mice/treatment condition) was examined on the rotorod (Med Associates, Inc.). On day 1, animals were tested (5 trials with 20 minutes intertribal interval) on the accelerating (4-40 rpm) rotorod over 5 minutes and on day 2 they were evaluated at a steady speed (28 rpm; refs. 24, 25) . These same mice were examined one week later in a novel object recognition task for short-term (STM) and long-term memory (LTM; refs. [24] [25] [26] . Finally, 5 mice from each treatment condition were placed individually into cages with running wheels (Coulbourn Instruments) to examine motor activity over a 24-hour period. Running wheel activity was monitored with Clock Lab data collection and analysis software (Actimetrics; ref. 27) . A second cohort of mice was matched for age and sex across treatments (10 mice/treatment condition) and was tested in the Morris water maze over 12 days (24, 25) . One week later, these mice were tested in contextual and cued fear conditioning (24) . Briefly, mice were trained and tested over 2 days in mouse fear conditioning chambers (Med-Associates). For conditioning, mice were placed individually into the apparatus for 2 minutes, a 72-dB 12-kHz tone (conditioned stimulus, CS) was presented for 30 seconds, and the CS terminated simultaneously with a 2-second 0.4-mA scrambled footshock (unconditioned stimulus, UCS). The mouse remained in the chamber for 30 seconds and was removed to its home cage. Twenty-four hours later, mice were tested either in contextual or cued fear conditioning. For the former, one half of the mice were placed into the chamber in which they had been conditioned for 5 minutes in the absence of the CS and UCS. For the cued test, the remaining half of the animals was placed into a novel chamber for 2 minutes, subsequently the CS was presented for 3 minutes in the absence of the UCS. All behaviors were videotaped and scored with the Noldus Observer program (Noldus Information Technology) for freezing behaviors by trained observers blinded to the treatment conditions of the mice. Freezing was defined as the absence of all visible movement except that required for respiration (28, 29) .
Tumor growth study D-245 MG glioblastoma cells [kindly provided by the Preston Robert Tisch Brain Tumor Center (PRTBC) at Duke University, short tandem repeat (STR) verification performed by PRTBC on July 15, 2004 , and cells were used within 6 months of thaw (2011)] were inoculated subcutaneously in the right flank of mice (separate from the neurocognition study mice). Once tumors reached approximately 65 mm 3 (day 0), BALB/c nu/nu mice were randomly assigned to 4 groups with 8 mice per group: saline, saline/RT, MnP, and MnP/RT. Mice were injected subcutaneously with 1.6 mg/kg MnTnBuOE-2-PyP 5þ twice daily (beginning at 24 hours before radiation and continuing for the duration of the study). Mice were anesthetized with isofluorane, bodies were shielded, and tumors were irradiated for three days with one Gy/day on days 2 to 4 XRAD-320 (Precision X-Ray). Tumors were measured by calipers twice weekly, and tumor volumes were calculated by V ¼ (short axis 2 Â long axis Â 3.14)/6. (13), except that deuterated analogue was used as internal standard.
MRI, image analysis, and quantitation
Magnetic susceptibility images of the brains (n ¼ 3 per group) were acquired at three months after RT and quantified as reported previously (30) . Briefly, all images were acquired using a 9.4 T (400 MHz) 89 mm vertical bore Oxford magnet with shielded coil of 2,200 mT/m. The system was controlled by an Agilent VnmrJ 3.2 imaging console. A three dimensional (3D) 12-echo spoiledgradient-recalled-echo sequence was used to map tissue magnetic susceptibility. Imaging parameters were as follows: matrix size . One nondiffusion-weighted volume was also acquired to calculate the diffusion tensor with a standard linear fitting. The acquisition parameters were as follows: TE ¼ 9 ms, TR ¼ 700 ms, matrix ¼ 192 Â 96 Â 32, and FOV ¼ 22 Â 11 Â 11 mm 3 . A 3D Fast Fourier Transform algorithm was used to reconstruct images. Quantitative susceptibility map of each brain was computed using the LSQR algorithm as described previously using the software STI Suite (Duke University; refs. 31, 32). Diffusion tensors were calculated as described previously (33) . Regions of interest (ROI) in specific brain structures were obtained from a previously defined mouse brain atlas (34) . The selected ROIs were transformed back to the original susceptibility maps based on the corresponding transformation matrices obtained through image registration. ROIs that clearly exceeded the tissue boundary were revised accordingly, and susceptibility values were read directly from the original images to avoid interpolation errors. The mean susceptibility in the selected structures was computed.
Histological staining, quantitation, and Western analysis
Three animals from each of the four groups of the neurocognition study were preperfused with paraformaldehyde/glutaraldehyde (4% each) in PBS at three months after RT (35) . Whole brains were dissected from the skulls and postfixed overnight in the same fixative. Parasagittal sections were cut 100 mm thick containing the corpus callosum from the same region in each brain. Sections were treated with 2% osmium tetroxide, dehydrated through a series of acetones, embedded in epoxy812, and polymerized (Duke Electron Microscopy Services). One micro meter semi-thin sections were cut, mounted on slides, stained with Toluidine Blue, and blinded for microscopic analysis. Images of myelinated axon cross-sections were obtained on a Zeiss AxioImager with a 100Â objective lens at the Duke Light Microscopy Core Facility. The images were quantified in Adobe Photoshop with the following settings: Image adjustment -invert, black/white -yellow133, levels 150-1-226, tolerance 32, antialias, contig off, point 149 þ/À 1. Data were processed blinded before final analysis. Samples of corpus callosum, hippocampus, and cortex were dissected from frozen brains. Lysates were prepared as described (36) . Myelin basic protein (Cell Signaling Technology), actin (Sigma), and HRP-goat-anti-mouse (Bio-Rad) antibodies were used with enhanced chemoluminescence (Pierce) for visualization of target proteins. Bands were quantified by Image J and normalized to actin.
Clonogenic assays
LN-18 and LN-229 cells [STR verification by ATCC on December 12, 2011, and June 24, 2012, respectively and cells were used within 6 months of thaw (2012)] were plated in sixwell plates at a density of 250 cells per well and treated þ/À 50 nmol/L MnTnBuOE-2-PyP 5þ one day before irradiation. Appropriate plates were irradiated with the indicated dose with an XRAD-320 (Precision X-Ray). Media þ/À MnTnBuOE-2-PyP 5þ were replaced following irradiation. Cultures were allowed to grow for 8 to 9 days and then stained and counted as described (37) .
Statistical methods
Behavioral data were assessed with SPSS 20 (IBM SPSS Statistics). The rotorod, novel object recognition, and Morris water maze data were subjected to repeated measures ANOVA (RMA-NOVA) using a within-subjects effect for repeated measures within each test and a between-subject effects of treatment. For the rotorod, water maze, and novel object recognition tasks, the within-subject effects were trial number, test day, and test phase (training/STM/LTM), respectively. Because the fear conditioning tests used separate cohorts of mice for the context and cued tests, ANOVA was used to examine differences between treatments for context testing. For cued fear conditioning, a RMANOVA was used to assess the within-subject effects for the two phases of testing (pretone and tone), among the four treatment conditions. For the wheel running experiment, differences between treatments for revolutions over the 24 hours were examined with ANOVA. A posterori comparisons were conducted with Bonferronicorrected pairwise comparisons. All data are presented as mean and SEMs; a P < 0.05 was considered significant.
For the tumor growth delay study, a mixed effects repeated measures model that assumed an autoregressive correlation structure among repeated measures of log tumor volume within an animal was used to compare growth patterns among the 4 treatment arms. The analysis included a main effect for arm and assumed the same y-intercept in all arms.
All other statistical methods are described in Results or figure legends.
Results and Discussion
Schedule of mouse groups for imaging and neurocognition studies Four groups of mice were treated as described in Fig. 1B . At three months after sham/RT, mice were randomly divided and allocated to conduct MRI (n ¼ 3 per group), histology (n ¼ 3 per group), drug level measurements (n ¼ 2 per group), and neurocognitive/activity testing (n ¼ 20 per group).
Measurement of MnTnBuOE-2-PyP 5þ levels in tissue At three months after RT, but 1 month after the last MnTnBuOE-2-PyP 5þ injection, tissues from the brain and liver of two mice were processed for mass spectroscopy measurement from the two groups treated with MnTnBuOE-2-PyP 5þ . Concentrations in brain were quantified at 25 to 30 nmol/L, whereas liver concentrations were in the range of 5,000 nmol/L ( Table 1) .
MRI of white matter tracts in brain
Qualitatively, the corpus callosum demonstrated less diamagnetic susceptibility in the saline/RT group ( Fig. 2A) than the MnTnBuOE-2-PyP 5þ /RT group at three months after RT (Fig. 2B ). Brighter intensity (more negative) in the white matter correlates to more diamagnetic susceptibility and, therefore, more myelination. In addition, we observed a decreased DTI fractional anisotropy and radial diffusivity in the saline/RT over the MnTnBuOE-2-PyP 5þ /RT group, further suggesting myelin loss. The mean susceptibility in both the corpus callosum and hippocampal commissure was 2-fold more diamagnetic in the MnTnBuOE-2-PyP 5þ group compared with the saline/GR group: À0.0064 ppm versus À0.0038 ppm in corpus callosum and À0.0068 ppm versus À0.0032 ppm in hippocampal commissure (Fig. 2C ). There was a trend toward statistical significance (P ¼ 0.0929). No clear differences were observed in anterior commissure or cerebellum. MRI scans of mouse brains have limited sensitivity at the millimeter scale; therefore, the significance between groups was difficult to demonstrate.
Histological evaluation of myelinated axons in the corpus callosum
To verify trends observed with MRI, we performed histological analysis of this tissue. Brain sections from all treatment groups were analyzed for alterations in axon density in the midsagittal plane of the corpus callosum. Representative sections were photographed (Fig. 3A-D ) and axons were counted using a predetermined standard set of image analysis parameters using Photoshop. Quantification of axon numbers per field revealed that the loss of axons after treatment was significant [ANOVA F (3, 11) , P ¼ 0.04]. However, this loss was mitigated in the MnTnBuOE-2-PyP 5þ /RT group (Fig. 3E) , indicating a radioprotective effect of MnTnBuOE-2-PyP 5þ on axons, myelinating oligodendrocytes, or both. Western analysis of myelin within the corpus callosum demonstrated the strongest decrease of myelin signal in the saline/RT group ( Supplementary Fig. S1 ) with the loss of myelin likely due to the loss of overall neurons.
Neurobehavioral testing
A RMANOVA for performance on the accelerating rotorod on day 1 found a significant effect of test trial [F (3,81) ¼ 18.115, P < 0.001], but the test trial by treatment interaction was not significant. All animals showed motor learning across trials, with no differences observed among the different treatment conditions across trials (Fig. 4A) . RMANOVA for responses on the steadyspeed rotorod on day 2 noted that performance across test trials was not significant; however, the test trial by treatment interaction was significant [F (3,81) ¼ 2.301, P < 0.042; Fig. 4B ]. Bonferronicorrected pairwise comparisons demonstrated that on trials 3 and 4, the saline controls had longer latencies to fall relative to the saline/RT animals (ps < 0.034). Although not significant, mice receiving MnTnBuOE-2-PyP 5þ /RT had longer latencies to fall than the saline/RT-treated mice. Motor performance was also assessed by wheel running activity. Analyses of wheel running activity by ANOVA determined that treatment condition was significant [F (2, 14) ¼ 3.221, P < 0.036; Fig. 4C ]. Bonferroni comparisons showed that that the total activity by the MnTnBuOE-2-PyP 5þ /RT group was higher than the saline/RT animals (P < 0.034), and the activity of this latter group was marginally lower than that for the saline animals (P < 0.079). No differences were found between the mice that received saline and those that were treated with MnTnBuOE-2-PyP 5þ /RT. Together, the rotorod and wheel running activity show that MnTnBuOE-2-PyP 5þ can protect mice from the effects of RT.
Mice were also examined for cognitive functioning in the Morris water maze, novel object recognition, and fear conditioning tests. Spatial memory and plasticity of responding were examined in the Morris water maze. An omnibus RMANOVA found a significant effect of test day [F (11, 396) ¼ 65.397, P < 001]; the test day by treatment interaction was not significant (Supplementary Fig. S2A and S2B) . Hence, all mice acquired the task and successfully found the hidden platform when it was moved to a new location. These data show that spatial memory and plasticity of responding were not distinguished by treatment assignment. Episodic memory was examined in the novel object recognition memory test. A RMANOVA revealed the main effect of test phase [i.e., training, STM, LTM; F (2,70) ¼ 18.641, P < 0.001], and the test phase by treatment interaction was significant [F (3, 35) ¼ 3.318, P < 0.031; Supplementary Fig. S2C ]. Bonferroni tests observed that all animals regardless of treatment condition had a marked preference for the novel object during the STM and LTM tests compared with preferences at training (ps < 0.050). Nonetheless, no group differences were discerned during training or the LTM test. However, during the STM test, mice that received MnTnBuOE-2-PyP 5þ showed a stronger preference for the novel object than the saline/RT mice and MnTnBuOE-2-PyP 5þ /RT animals (ps < 0.040). Mice administered with MnTnBuOE-2-PyP 5þ alone did not differ from the saline controls. Although novel object preference was lower in the two groups of irradiated mice (saline/RT or MnTnBuOE-2-PyP 5þ /RT) relative to the saline controls, this difference was not statistically significant. These differences in episodic memory function cannot be attributed to neophobia because no differences were found among the animals in object exploration during any phase of training/testing ( Supplementary Fig.  S2D , S2E, and S2F). Together, our results indicate that mice given MnP alone have an enhancement in STM compared with the irradiated animals. Because no group differences were observed at LTM, it appears that irradiation may slow the l consolidation of episodic memory processes. Mice were examined also in conditioned fear. ANOVA found no significant differences in freezing behaviors in the context test, indicating that hippocampal-mediated processes of emotional memory were intact ( Supplementary Fig. S2G ). For the cued tests, a RMANOVA reported a significant main effect of test phase [i.e., non-CS vs. CS; F (1, 16) ¼ 51.466, P < 0.001]; however, the test phase by treatment interaction was not significant (Supplementary Fig. S2H ). Bonferroni corrections demonstrated that freezing behaviors were significantly enhanced for all treatment groups during the CS than during the non-CS phase of testing (ps < 0.024). These findings show that irradiation or treatment with MnTnBuOE-2-PyP 5þ did not affect fear memories.
MnTnBuOE-2-PyP 5þ effect on glioblastoma multiforme growth in mouse xenograft model
Flank tumor growth of D-245 MG glioblastoma cells implanted nude mice was evaluated using a mixed-effects model (Fig. 5) . The rate of tumor growth compared with the control group was significantly less in the radiation dose group (P ¼ 0.0178) group and the MnTnBuOE-2-PyP Fig. S3 ). MnTnBuOE-2-PyP 5þ showed no significant protective effect on survival of either cell line at a drug concentration similar to what was observed in brain (Table 1) . MnTnBuOE-2-PyP 5þ provided no difference in tumor cell line survival in the presence or absence of RT.
MnTnBuOE-2-PyP
5þ uptake in brain A critical feature of the neuroprotective effects of MnTnBuOE-2-PyP 5þ is its ability to cross the BBB and accumulate in brain and brain mitochondria (14) . The high lipophilicity of alkoxyalkyl groups attached to the central porphyrin structure permits access of this compound to the CNS (8, 14) . At the end of the study, MnTnBuOE-2-PyP 5þ had accumulated in the brain at 25 to 30 nmol/L concentrations. The liver accumulated low micromolar amounts of MnTnBuOE-2-PyP 5þ and may serve as a depot of the compound, constantly providing the rest of the body with access to the drug through the bloodstream. Interestingly, a previous characterization of MnTnBuOE-2-PyP 5þ distribution within the brain substructures after one week of daily injections revealed a disproportionate accumulation of MnTnBuOE-2-PyP 5þ within the hippocampus (85 nmol/L) as opposed to the cortex (14 nmol/L; ref. 38). The hippocampus is an important anatomical structure for learning and memory, and it contains a neurogenic zone critical for generation of new neurons. Therefore, protection from radiation is essential to avoid longterm cognitive dysfunction (39) (40) (41) . If MnTnBuOE-2-PyP 5þ concentrated within the hippocampus in this study, this structure may have a higher capacity to benefit from the protection against radiation-induced damage relative to other brain areas. Our preliminary histological analyses of the hippocampus and behavioral analyses of spatial, episodic, and fear memories that rely upon intact hippocampal function could find no evidence that MnTnBuOE-2-PyP 5þ treatment was deleterious to this brain area. Regardless of its distribution patterns l l 
Axonal radioprotection by MnTnBuOE-2-PyP 5þ
The primary radioprotective effect of MnTnBuOE-2-PyP 5þ toward RT-induced white matter loss was observed in the corpus callosum. MR imaging demonstrated evident visual changes at the margins of neighboring corpus callosum and gray matter regions between irradiated þ/ÀMnTnBuOE-2-PyP 5þ groups. These data agreed with previous work showing a reduction of corpus callosal fractional anisotrophy in patients with pediatric medulloblastoma (42) . Further histological evaluation verified a significant difference in axon number among the four groups. Therefore, the deficiency of MR signal in irradiated brains was due to loss of axons and their myelin and the less ordered radial diffusivity of water along these myelinated nerve bundles. The antioxidant properties of MnTnBuOE-2-PyP 5þ likely prevented neuronal cell death in the irradiated corpus callosum, preserving the brain circuitry. In stroke models of oxidative stress protection in brain by MnTE-2-PyP 5þ and MnTnHex-2-PyP 5þ , both porphyrin compounds reduced oxidative stress by either 8-hydroxy-2 0 -deoxyguanosine or NF-kB markers (43) (44) (45) . Because MnTnBuOE-2-PyP 5þ operates with nearly identical SOD-like properties and peroxynitrite reduction, we believe MnTnBuOE-2-PyP 5þ does protect against RT-induced white matter loss by reducing oxidative stress and subsequent inflammatory signaling (8) . A previous study used a 12.5-fold higher radiation dose (100 Gy) delivered to rat brain in the presence of MnTDE-2-ImP 5þ , Mn(III) tetrakis[N,N 0 -diethylimidazolium-2-yl)porphyrin, and the investigators also noted a rescue of white matter (46) . There may be a large range of radiation doses that can be modulated by MnTnBuOE-2-PyP 5þ treatment.
Neurocognitive rescue by MnTnBuOE-2-PyP 5þ
The radiation-induced loss of brain function was indicated in neurobehavioral analyses. The rotorod tests motor performance and learning and are governed by the cerebellum and motor cortex. Mice treated with whole-brain RT may have neurological impairments that manifest as ataxia and, subsequently, deficits in rotorod performance (47) . In addition, motor learning can be evaluated across several rotorod trials (48) . Our rotorod data showed increased learning of the saline control group over the four steady-state longitudinal trials. In the steady-speed tests, the saline/RT group was the lowest performing group compared with the saline controls on trials 3 and 4 (Fig. 4B) . The MnTnBuOE-2-PyP 5þ /RT group performed between these two groups, showing rescue of RT-induced deficits. These deficits on Neuromotor analyses of mice by rotorod and running wheel. A, accelerating rotorod trials of ten mice per group showed a significant reduction in performance between the saline and saline/RT groups on trial 2 ( Ã , P ¼ 0.034). B, steady-state rotorod analyses demonstrated that the saline controls had longer latencies to fall relative to the saline/RT animals on trials 3 and 4 ( Ã , P ¼ 0.023, P ¼ 0.003, respectively). C, in the voluntary running wheel tests (n ¼ 5), total activity on MnTnBuOE-2-PyP 5þ /RT group was higher than that in the saline/RT animals (P ¼ 0.034), and the activity of this latter group was marginally lower than that for the saline animals (P < 0.079). Four mice (one from the saline group and three from the saline/RT group) did not run.
this rotorod task suggest that RT may produce interruptions in the circuitry that links the cerebellum, motor cortex, and/or motor neuron pathways. Notably, we observed no appreciable differences in cerebellar white matter by MRI between the irradiated groups. Therefore, radiation-induced imperfections in the corpus callosum may sever important linkages between the left and right hemispheres, leading to perturbations in coordination, balance, motor learning, or combinations of these issues.
The running wheel test evaluated spontaneous activity of the mice. These data showed reduced performance in the saline/RT group that was ameliorated by MnTnBuOE-2-PyP 5þ . Interestingly, three of five mice in the saline/RT group and one saline mouse chose not to run in the wheel on day 1. Those in the saline/RT group that ran did so approximately 66% of the MnTnBuOE-2-PyP 5þ /RT group. The reduced performance in the saline/RT group likely was not the result of neophobia to the running wheel because the wheel was left in the cage for 24 hours. Rather, coordination, balance, or motivational barriers had to be overcome. As hypothesized, MnTnBuOE-2-PyP 5þ treatment relieved the RT-induced performance impairment on this test.
Possible dual role of MnTnBuOE-2-PyP 5þ in RT of brain cancers Although MnTnBuOE-2-PyP 5þ protected normal brain tissue, tumor cells and tumors were not protected by it. In general, tumor cells have higher oxidative stress level than normal cells due to an imbalance between antioxidant capacity and ROS levels (18, 19) and, therefore, may respond more robustly to antioxidant therapies. As described above, however, our previous porphyrin analogues did not preserve tumor cell growth in vitro or in vivo but, in fact, they did sensitize tumors to radiation in vivo (8, 9, 11, (20) (21) (22) . Treatment of tumor cells or tumors with MnTnBuOE-2-PyP 5þ likewise demonstrated no protective advantage and, like the earlier analogues, sensitized flank tumors to radiation. The difference in redox states between normal and tumor cells permits these porphyrins to reduce not only ROS in tumors, but also suppress the NF-kB and HIF1a signaling pathways triggered by the excess ROS that give tumors a growth advantage (8, 10, 11) . Thus, the outcomes between normal and tumor tissue result in survival versus death, respectively (Supplementary Fig. S4 ). Furthermore, MnTE-2-PyP 5þ has been shown to act in a pro-oxidant fashion to specifically inactivate NF-kB by direct chemical modification when combined with dexamethasome therapy of lymphoma cells (49) . Thus, such a mechanism can also explain our therapeutically beneficial results of MnTnBuOE-2-PyP 5þ treatment toward both normal and tumor tissues.
Conclusions
As a first in vivo test on healthy brain tissue, MnTnBuOE-2-PyP 5þ clearly counteracted the negative effects of cranial irradiation. Its ability to efficiently cross the BBB and accumulate in the brain makes it ideal to neutralize RT-induced ROS and downstream inflammatory signaling generated after exposure to RT (8, 9, 14) . As a result, the white matter preservation demonstrated by MnTnBuOE-2-PyP 5þ correlates with evidence of neuroprotective function in the neurobehavioral tests described herein. MnTnBuOE-2-PyP 5þ also exhibited radiosensitizing properties to slow glioblastoma tumor growth in flank tumor growth assays. The addition of MnTnBuOE-2-PyP 5þ to radiation therapy for brain tumors will be likely beneficial in preserving healthy brain structure and function while simultaneously antagonizing tumor survival. 
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